Abstract. Voitage-current density (V-j) characteristics were studied in the cathode region of noble gas mixture glow discharges. Measurements were carried out in H-X (X = Ne, Ar, Kr, Xe) mixtures in plane cathode and hollow cathode arrangements. The partial pressure of the admixed gas was maximum 2% of the total pressure. It was found that at constant voltage the current density increased by mixing Ar to He, while it decreased when Ne, Kr or Xe were added. Above a certain partial pressure value the current density was found to increase again in the case of Ne and Kr aamixtures. In HeXe it decreased, however, in the whole range investigated. These obselvations are explained, taking into account ionization processes and the differences in secondary electron emission coefficients
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It was first observed in the 1930s (Kruithof and Penning 1937) that small admixtures (<1%) of Ar to Ne modified the ionization coefficients in the discharge remarkably; the effect was explained by the ionization of Ar atoms by collisions with Ne metastables.
This phenomenon has been studied extensively during the past few decades. The ionization coefficients (01 and q ) were measured in Townsend discharges (Bhattacharya 1979 , Mat Yunus 1985 in the case of several noble gas mixture combinations. In glow discharges the changes in the normal cathode fall due to mixing of noble gases were also measured (for a re.view of these measurements see U'eston 1968).
In hollow cathode lasers it was observed that the voltage increases at constant current by increasing the Kr partial pressure in a He-Kr discharge. It was found that at a current of 1.3 A the voltage increased from 180V to 230V by adding 1% Kr to He (Apai er al 1986) . However, in this experiment the voltage increase was strongly influenced by the presence of sputtered AI metal vapour. Considerable attention has been paid recently to fundamental problems of the cathode region in glow discharges (Den Hartog et al1988, Carman 1989 , Sommerer er al 1989 , Paulick 1990 ) with the aim of better understanding. The experiments and calculations were usually carried out for pure gases (mostly He or Ar).
The cathode region containing the cathode dark space and the negative glow is a complicated part of a glow discharge because of its non-equilibrium nature 0022-37271911081322 + 06 $03.50 0 1991 IOP Publishing Ltd ". 3 n r i .-ihp ...-pr..ces.r. rc.p..n.ibic [er ii?r !!!xi!!ic!!x!!ce. of the discharge which take place in this region. Because of this, the changes in the V-j characteristics cannot be deduced from the measured Townsend ionization coefficients measured in the same gas mixtures.
In the present experiments the DC voltage-current density characteristics of glow discharges in pure He and He-Ne, He-Ar, He-Kr and He-Xe mixtures were measured. Care was taken to ensure that cathode sputtering should not influence the measured data. The experimental results are presented and discussed in order to gain information on the role of the basic processes which lead to the changes of V-j characteristics in the gas mixtures.
Experimental apparatus
The discharge tube used in the experiments is shown schematically in figure 1. It was designed to provide plane and hollow cathode operation modes. In the case of plane cathode operation oppositely placed electrodes (E, and E,) were used, the hollow cathode discharge mode was formed by connecting E , and E, together as the cathode and using electrode E3 as the anode. The electrodes were made of high purity (99.999%) aluminium. The diameters of E , and E , were 8 mm and they were placed 10 mm apart.
The experimental arrangement is shown in figure  2 . The vacuum system provided residual pressures lower than mbar and the tube was protected from impurities by a cold trap. The presence of impurities was monitored during the experiments by measuring and comparing the intensities of the H, and Hg lines with the intensities of the 501.6nm and 587.6 nm He-1 lines. The discharge was excited by a DC power supply of variable voltage and the V-j characteristics of the tube were plotted using a HP-7044B XY recorder. The error of the measured characteristics was estimated to be a few per cent.
The measurements were carried out at discharge current densities of the order of 1 mA cm-' ensuring no disturbing sputtering of the cathode material and no considerable heating of the gas.
The surface of the electrodes was cleaned in situ by subsequent discharge and vacuum periods in the tube. The cleaning process was repeated until reproducible V-i characteristics could be obtained.
Experimental results
The voltage-current characteristics of the discharge tube were recorded for pure He and for the different He-X (X = Ne, Ar, Kr, Xe) mixtures. The measurements were carried out at a total gas pressure of increase in the current density of about 25% in the plane cathode discharge (figure 3) nearly independently of the actual voltage. In the hollow cathode .discharge this increase depends on the applied tube voltage and has a value of 15-80 %. However, mixing 0.01 mbar Xe with He causes a decrease in the current density by about 40-50% in both discharge modes and in the whole voltage range investigated. Ne and Kr admixtures do not cause such significant changes as can be seen in figures 3 and 4.
The measured current density j(px) against respectively. The data are plotted at discharge voltages of 200 V, 300 V and 400 V.
In He-Ar mixtures the current density is increased by increasing the partial pressure of Ar in the whole region of partial pressures examined (see figure 5) .
The current density of the He-Ne discharge falls with increasing Ne concentration, but with Ne partial pressure around pNc = 0.05 mbar a slight increase in j is observed as shown in figure 6 .
The characteristics of the He-Kr discharge (figure 7) are similar to those of He-Ne mixtures. The first drop of the current density is followed by a more significant increase.
Ar pressure (mbar ) Figure 9 . The dependence of current density on Ar partial pressure in the hollow cathode discharge. In the He-Xe discharge a sudden drop of j occurs in the Xe partial pressure range of 0-0.02 mbar which is followed by a further decrease (figure 8). As can be seen from figure 8, at pxe = 0.02 mbar the current density is 74%. 68% and 60% lower than the corresponding values for px. = 0 at discharge voltages of 200 V, 300 V and 400 V, respectively.
The same characteristics in the case of hollow cathode discharge are shown in figures 9 to 12. The j ( p x ) characteristics in hollow cathode discharges are quite similar to those measured in the plane cathode arrangement, especially for He-Ar and He-Xe mixtures. However, a few differences are noted.
In He-Ne mixtures no current density increase is observed in the hollow cathode discharge at Ne partial Figure 12 . The dependence of current density on Xe partial pressure in t h e hollow cathode discharge.
pressures above 0.05 mbar. Also, the minimal maintaining potential rises as pNe increases and therefore the discharge is not sustained at 200V when Ne is mixed with He. In the case of the He-Kr discharge in the hollow cathode arrangement the current density was found to be more or less constant at discharge voltages of 200 V and 300 V. This deviates from observations in the plane cathode discharge; however, a similar behaviour to the plane cathode discharge was observed at 400V. 
Discussion
In order to explain the results obtained from the measurement the basic processes in the cathode fall region are considered. It is usually assumed that the secondary electron emission from the cathode surface is mostly due to positive ion impact. Furthermore it is assumed as a good approximation (Den Hartog ef al 1988) that only ions created in the cathode dark space take part in secondary processes at the cathode.
The secondary coefficient yi expresses the probability of an electron being ejected from the cathode as consequence of a positive ion impact. This coefficient is specific for each gas<athode material combination but ,m,,,g , , I C : c,"p,"c"' 1 4 1 " l l *~l l l (Thum 19i9) where Ei is the ionization potential of the gas and p is the work function of the cathode material. The calculated values of yi for noble gases are shown in table 1, using p = 4.26eV for aluminium (Michaelson 1977) . A discharge in pure He is first considered. Let
Nhe be the average number of He+ ions created in the cathode dark space when a single electron is emitted from the cathode. Then, the average number of He+ ions arriving at the cathode surface N & , ( c ) is supposed to be equal to .\'Ac since it is assumed that nc ions enter the dark space from the negative glow and because, in the cathode dark space, the ion drift dominates diffusion. 
1326
The cross sections of these processes are listed in table 1; U,, ui and up being the cross sections of processes (3), (4) and ( 5 ) , respectively. The data for U, are taken from Nakai et al (1984) , Koopman (1987) and Schlumbohm (1969) , the ionization cross sections ui from de Heer er al (1977, 1979) and the Penning ionization cross sections from Muschlitz and Sholette (1960) . The opposite process of (3) is not considered because it is strongly endoergic and therefore has a low cross section compared with the other processes, Processes (3), (4) and (5) (7) where Nhe, N i , NEc are the average number of He+ ions, X+ ions and He metastables created by electron impact in the cathode dark space, respectively, E is the probability that a He+ ion undergoes charge transfer with an X atom before it reaches the cathode, and p is the probability that a He" metastable atom causes Penning ionization within the discharge volume.
If the probability that a particle has not collided decreases exponentially with the distance it has travelled, E and P can be given by
In\
where b depends on the He pressure, the diffusion coefficient of He" atoms in He, and the shape and size of the discharge volume, ?denotes the average distance that the He+ ions traverse until they arrive at the cathode, Ac and Ap are the mean free paths associated with asymmetric charge transfer (process (3)) and Penning ionization (process (5)):
(11) where nx is the atom concentration of the admixture.
Let R denote the sum of the products of the ion number 3t the cathode times yi for the two com-' ponents. In this case, because electron emission from the cathode is also produced by ions of the second gas, R takes the form
(124 which can be rewritten in more detail as:
In steady state conditions R = 1 holds for the mixture as well as for the pure gas (equation (2)). However, when the admixture is added to He, according to the values of E and P, the value of R given by equation (126) may differ from 1 until the steady state is reached. If the value of R is less than unity then, from the point of view of self-sustainment, the losses caused by charge transfer of He+ ions with x atoms are not compensated by the excess number of X' ions created by electron impact and Penning ionization. In other words this means (i.e. when R < 1) that the resistance of the discharge increases to restore R = 1 and at constant voltage this results in a current drop.
Whether the value of R changes positively or negatively when the second gas is added to He is basically determined by the cross sections of the processes (3), (4).
(5) and the secondary electron emission coefficients of the gases.
By increasing the concentration of the admixed gas the j(px) characteristics behave differently due to the relative importance of the various ion producing processes.
In the case of Kr the losses of He+ ions due to process (3) are compensated by the excess Kr+ ions created. This occurs at a relatively low partial pressure because the electron impact and Penning ionization cross sections (ui and U,) of Kr are high (see table   1 ). This results in a change in curvature of the j(px) characteristics above Kr partial pressures of around 0.03 mbar.
Using Ne as admixture this change in curvature occurs at a higher partial pressure (a few tenths of a mbar; this was observed but is not shown in the figures). This can be explained by the absence of Penning ionization since the ionization potential of Ne is 0.9 eV and 1.7 eV higher than the energies of the 2% and 2% metastable states of He. The metastable atoms in the discharge only have thermal energy, therefore the Penning effect can be excluded. The decrease of j at low Ne partial pressures is not large since the charge transfer cross section U, for Ne is small and there is little difference between yi for He and yi for Ne.
In the case of Xe the j(px) characteristics decrease in the range investigated. This is probably due to the very low value of yi for Xe (only 0.03) and the high value of U,. Nevertheless, the Penning ionization cross section of Xe is high but the Xe+ ions do not produce electrons at the cathode with a high probability.
The opposite situation (i.e. increase in current density due to mixing another gas with He) was observed only in the case of Ar. Since Ar has a much higher ionization cross.section U, than He, many Ar+ ions are produced by electron impact even at low Ar concentrations. On the other hand the number of He+ ions is only slightly affected because of the relatively low charge-transfer cross section of He+ ions with Ar atoms.
This explanation of the qualitative features of the voltage-current density characteristics may he applied to both plane cathode and hollow cathode discharge modes. However, to explain the small differences observed between the plane and hollow cathode discharge modes a more detailed model should be devel-' 1 oped.
Conclusions
The changes of the V-j characteristics in the cathode region of glow discharges due to gas mixing have been the subject of experimental investigations. Using He as the parent gas the V-j characteristics of the discharge were recorded with admixtures of other noble gases (Ne, AI, Kr and Xe).
It was found that the different He-X combinations exhibit different j(px) characteristics. Ar was found to increase the current density in the whole range of parameters examined (partial pressure, discharge voltage). The opposite effect was observed in He-Xe mixture discharges and the current density became much lower than in the discharge in pure He ( j was reduced by more than 50% even at a low Xe partial pressure of 0.02 mbar corresponding to a Xe: He pressure ratio of 1:250). The current density in He-Ne and He-Kr mixtures was observed to have a minimum at admixture partial pressures around 0.03-0.05 mbar. Differences between the plane and hollow cathode discharges have also been observed.
The qualitative nature of the changes in the V-j characteristics were explained by considering basic processes taking place in the cathode region.
